 Sediment transport under design hydrographs show differential bed load rates, 21 hysteresis and yield ratios during rising and falling limbs. 22  A new combined hydrograph descriptor correlates well with sediment transport and 23 bed morphology under no sediment supply conditions. 24  Intrinsic links between unsteady flow, sediment transport and bed morphology 25 considered representative of regulated river reaches. 26 27 Abstract 29 Flume experiments are conducted to investigate the intrinsic links between time-varying bed 30 load transport properties for uniform sediments and bed surface morphology under unsteady 31 hydrograph flows, in the absence of upstream sediment supply. These conditions are 32 representative of regulated river reaches (e.g. downstream of a dam) that are subject to 33 natural flood discharges or managed water releases, resulting in net degradation of the river 34 bed. The results demonstrate that the hydrograph magnitude and unsteadiness have 35 significant impacts on sediment transport rates and yields, as well as hysteresis patterns and 36 yield ratios generated during the rising and falling limbs. A new hydrograph descriptor 37 combining the influence of total water work and unsteadiness on bed load transport is shown 38 to delineate these hysteresis patterns and yield ratios, whilst correlating strongly with overall 39 sediment yields. This provides an important parametric link between unsteady hydrograph 40 flow conditions, bed load transport and bed surface degradation under imposed zero sediment 41 feed conditions. As such, maximum bed erosion depths and the longitudinal bed degradation 42 profiles along the flume, are strongly dependent on the magnitude of this new hydrograph 43 descriptor. Similarly, non-equilibrium bed forms generated along the flume indicate that 44 formative conditions for alternate bars, mixed bar/dunes or dunes are defined reasonably well 45 by an existing morphological model and the new hydrograph descriptor. These findings 46 provide a new framework for improved predictive capabilities for sediment transport and 47 65 erosion risk. Current knowledge of flow-sediment-morphology interactions remain relatively 66 poorly understood, especially as direct measurements of sediment transport in natural 67 gravel-bed rivers during periods of high flood flow are relatively sparse and extremely 68 difficult to obtain [Graf and Qu, 2004; Mao, 2012; Mao et al., 2010]. As such, 69 appropriately-scaled, well-controlled laboratory experiments remain an essential tool to 70 improving fundamental understanding of complex processes and interdependencies that occur 71 in regulated river channels under limited or controlled upstream sediment supply. 72 To date, most experimental studies investigating sediment transport processes in 73 unsteady flows have modelled hydrographs that either (1) consist of incrementally increasing 74 and decreasing steady-state flow steps (i.e. stepped hydrographs) [Waters and Curran, 2015; 75 Martin and Jerolmack, 2013; Parker et al., 2007; Piedra, 2010]; (2) have short overall event Confidential manuscript submitted to Water Resources Research of AGU journal 76 durations lasting from several seconds to several minutes (i.e. flood waves) [Bombar et al., 77 2011; Graf and Qu, 2004; Pathirana et al., 2006]; (3) apply constant flow accelerations and 78 decelerations during the rising and falling limbs (i.e. triangular-or trapezoidal-shaped 79 hydrographs) [Bombar et al., 2011; Wong and Parker, 2006]; or (4) consider a limited range 80 of unsteady flow conditions, with no systematic investigation of hydrograph characteristics 81 on the sediment transport response [Humphries et al., 2012; Mao, 2012; Parker et al., 2007]. 82 Despite the availability of several non-dimensional parameters to help characterize unsteady 83 flow, such as hydrograph unsteadiness [Graf and Suszka, 1985] and total water work [Yen 84 and Lee, 1995], the influence of these key parameters on bed load sediment transport 85 properties such as hysteretic effects has not, as yet, been studied systematically over a wide 86 range of flow conditions. For example, Hassan et al. [2006] simulated the effects on gravel 87 bed armouring processes of stepped hydrographs with different magnitudes and durations, 88 finding that sediment transport was always higher during the rising limb (i.e. clockwise 89 hysteresis). This effect was attributed more to the limitation in upstream sediment supply 90 rather than the hydrograph characteristics. By contrast, Lee et al. [2004] observed 91 counter-clockwise hysteresis under similar no sediment supply conditions; an effect they 92 attributed to the temporal lag of bed form evolution compared to changes in the unsteady 93 flow conditions. Their results also highlighted that increased flow unsteadiness generally 94 resulted in larger bed load yields, following a general power law relationship. Bombar et al. 95 [2011] also observed counter-clockwise hysteresis for triangular or trapezoidal hydrographs 96 under no sediment supply, finding that normalized bed load yields decreased exponentially and 97 increased linearly with increasing flow unsteadiness and total water work, respectively. In 98 flow-sediment recirculating flume studies, Mao [2012] found that clockwise hysteresis 99 patterns became more evident in response to lower-magnitude hydrographs. This effect was 100 attributed to changes in the organizational structure of surface sediments affecting entrainment 101 and, hence, bed load transport before and after the peak flow. Waters and Curran [2015] also 102 conducted flow-sediment recirculating experiments with stepped low and high magnitude 103 asymmetric hydrograph sequences over graded sand-silt and sand-gravel sediment beds. 104 Their findings suggested that transport hysteresis patterns varied due to bed form and surface 105 structure adjustments, as well as the stabilizing effects from antecedent flow. Overall, their 106 measured bed load yields were found to increase as both unsteadiness and total water work 107 increased. 108 These previous studies present variable, and often contradictory, findings in relation 109 to sediment transport properties and the evolution of bed morphology that can be attributed to 110 imposed experimental conditions relating to (i) bed composition (i.e. uniform or graded 111 sediments), (ii) upstream sediment supply (i.e. recirculating or zero feed), and (iii) unsteady 112 flow characteristics. A common feature of all these studies is that the hydrograph unsteadiness 113 828 Brakenridge, G. R. (2016), Global Active Archive of Large Flood Events, Dartmouth Flood 829 Observatory, University of Colorado, 830
morphodynamic response in regulated rivers to natural or imposed unsteady flows, while their 48 wider application to graded sediments are also considered. 49 1 Introduction 50 In natural fluvial systems, sediment transport is linked intrinsically to the prevalent 51 unsteady hydraulic conditions within the river channel and the upstream supply of sediments, 52 with the occurrence of the bulk sediment transport typically concentrated during flood events 53 [Berta and Bianco, 2010; Phillips and Sutherland, 1990] . Ongoing statistical data collection 54 by the Dartmouth Flood Observatory [Brakenridge, 2016] indicates that the number of 55 extreme flood events is increasing worldwide due to climate change, implying that natural 56 rivers globally are likely to experience more dramatic changes to bulk sediment transport and 57 channel bed morphology in the future. Furthermore, within regulated rivers where the supply 58 of sediments is often controlled by the presence of a dam, an increase in extreme flood events 59 has the potential to increase net degradation in the downstream channel either from the 60 passage of higher magnitude flood events or the increased frequency of managed flow 61 releases. It is therefore essential to expand our current understanding of sediment transport 62 and morphological changes within regulated river systems in response to the passage of flood 63 events to implement more appropriate management strategies for water and sediment 64 resources and, thus, mitigate socio-economic impacts associated with increasing flood and and total water work were not varied systematically and independently to determine their 114 individual and combined effects on bed load transport rates, hysteresis patterns and total 115 sediment yields, as well as on associated morphological changes. 116 Much of the fundamental knowledge of bed form development (e.g. ripples, dunes, bars) 117 has been derived from equilibrium studies conducted under steady flow conditions with 118 continuous sediment supplies [Yalin, 1992; Raudkivi, 1997; Carling, 1999] . Direct evidence of 119 morphodynamic evolution and non-equilibrium bed forms developed under the unsteady flows 120 and sediment supply-limited boundary conditions remains, by comparison, relatively sparse 121 [Church, 2006; Allen, 2009 ; Wijbenga and Klaassent, 2009 ]. This knowledge gap is 122 particularly relevant to regulated rivers where net bed degradation and associated morphology 123 will be influenced strongly by the limited upstream sediment supply and the availability of Suszka [1985] and Suszka [1987] as a function of the ratio between the change in flow depth 135 H = Hp -Hb (i.e. between the base Hb and peak Hp flow depths) and the total hydrograph 136 duration T = TR + TF (i.e. the sum of rising and falling limb durations), such that: 138 where u * is the reference shear velocity (m s -1 ) for the base flow condition. Clearly, if 139 HG is large, the hydrograph will be flashy in nature, corresponding to the passage of a flood 140 wave, while lower HG values approaching zero correspond to a mildly unsteady flow 141 approaching equivalent steady flow conditions. As well as this unsteadiness, the overall 142 magnitude of a flow hydrograph can be represented by the total water volume Vol discharged 143 over its duration, corresponding to the area under the unsteady part of the hydrograph. A 144 non-dimensional parameter known as the total water work Wk has been defined previously 145 [Yen and Lee, 1995; Lee et al., 2004; Bombar et al., 2011] to quantify this magnitude, as 146 follows: where B is the channel width (m), Vol is the total water volume under the unsteady hydrograph (m 3 ), Hb is the initial base flow depth (m) and g is the gravitational acceleration (m s -2 ). It is also anticipated that hydrograph shape may have an important role in determining bed load transport properties and changes to channel morphology. Asymmetrical hydrographs are often generated in rivers from rainfall-derived flood events with shorter rising limb TR and longer receding limb TF durations. However, other types of events, such as glacial outburst flows (i.e. jökulhlaup) (Rushmer [2007] ) or controlled water releases from dams may have the opposite asymmetry. In the context of the current study, the influence of asymmetry is considered through the time ratio  of rising to falling limb durations, as follows:
(3) 
where W * and W * represent the non-dimensional transport yields [Eq. (5)] measured separately during the rising and falling hydrograph limbs, respectively.
Channel degradation and bed morphology
A combined theoretical-experimental study by Tubino [1991] indicated that the ratio of characteristic time scales associated with unsteady flow conditions and morphological adjustment at the bed surface affects both the instantaneous growth rate and phase of bar perturbations, as well as controlling the amplitude of the final equilibrium bed form configuration. The current study represents the first time that Tubino's theoretical model has been applied to interpret bed form development under zero sediment supply boundary conditions. It is therefore anticipated that discrepancies between this theoretical approach and experimental measurements may arise from changes in the availability of in-channel stored Confidential manuscript submitted to Water Resources Research of AGU journal   203   204  205  206  207  208   209   210   211  212  213  214  215  216  217  218  219  220  221  222   223  224  225  226  227  228   229  230  231  232   233   234  235   236   237  238  239 sediments over the duration of the unsteady hydrograph flows tested. As such, the final bed surface morphology will be quantified in terms of both (i) the micro (i.e. ripple)  macro (i.e. bar) bed forms generated, and (ii) the longitudinal bed surface profiles generated through depletion of in-channel stored sediments. This combined analysis provides important new insight into the morphodynamic response of regulated rivers to flood hydrograph events and/or managed releases generated under sediment supply-limited conditions.
Experimental Program

Flume set-up and bed sediments
The experimental studies were performed in a 22 m-long, 0.75m-wide and 0.5 m-deep flow-recirculating, tilting flume channel (see Fig. 1 ). The variable flow rate was controlled by a programmable pump frequency inverter capable of producing smooth, continuous hydrographs (where flow rates Q vary continually with time) of any desired shape, with peak flow rates up to 100 l s -1 . These unsteady flows were measured continuously in the pipe delivering water to the channel using a non-intrusive ultrasonic flow meter. Uncertainty associated with the pump performance and flow measurement accuracy (±0.01 l s -1 ) resulted in minor differences between the flow delivery to the channel and prescribed design flows (see §3.3). [Note: statistical analysis indicated an average discrepancy of 0.002 l s -1 (i.e. average relative error = 0.003 -0.012% over range of unsteady flows tested), while the maximum variability due to instantaneous flow fluctuations was estimated as ±0.28 l s -1 (i.e. maximum relative error = 0.48 -1.65%)].
The initial 5 m inlet section and 3 m downstream section of the flume bed were artificially-roughened with coarse open-work gravel (d50 = 40 mm and 20 mm, respectively, labelled A and D in Fig. 1 ) to (i) ensure a fully-developed turbulent boundary layer was established prior to the erodible test bed section, (ii) prevent excessive scour at the channel inlet, and (iii) catch any sediments transported beyond the sediment trap (Fig. 1) . The central 14 m-long test bed section (labelled C in Fig. 1 ) was covered by an 11 cm thick layer of quasi-uniform, coarse sand (i.e. d50 = 1.95 mm; s = 2.65) that was screeded flat to match the mean surface elevation of the upstream and downstream immobile gravel bed sections. No additional sediment was supplied at the upstream end of the flume during the experiments in order to simulate the zero feed conditions.
Experimental procedure
All experimental runs were conducted at an initial longitudinal bed slope S0 of 0.002, and were initiated with a steady, uniform base flow rate Qb = 17.0 l s -1 and depth Hb = 0.058 m, designed to satisfy near-threshold conditions based on the critical Shields stress parameter br *  0.042 for the sand bed layer (see §S1 of supplementary information for details on base flow conditions, Shields threshold and shear velocity calculations). The corresponding reference bed shear velocity for this base flow condition u *  (g.H .S ) 1/2 = 0.034 m s -1 was used to Temporal variations in the inflow rates and water surface elevations were measured synchronously throughout the duration of each hydrograph by the ultrasonic flow meter in the supply pipe and ultrasonic level sensors located at the channel inlet and outlet ( Fig. 1 ). Bed load sediment transport rates were measured directly from samples collected in the sediment trap located towards the downstream end of the sand bed section. The sampling time intervals were varied between 2.5 and 30 minutes for different test runs according to the sediment transport intensity and the overall hydrograph duration (see Table S1 in supplementary information). At the end of each run, with base flow conditions re-established in the channel, a final ADV bed surface elevation map was obtained at the same lateral resolution and longitudinal positions as before, allowing changes in bed surface morphology associated with bed degradation and the development of bed forms to be investigated.
Design flow hydrographs
Seven groups of design flow hydrographs were tested (see Table S1 and Fig. S1 in §S2 of supplementary information) within which either hydrograph asymmetry  (group S1), total water work Wk (groups V1-V3) or unsteadiness HG (groups U1-U3) were varied systematically with respect to benchmark hydrographs (highlighted in Table S1 ). Within each experimental grouping, the individual influence on bed load sediment transport and bed surface morphology from the hydraulic parameter under consideration was tested by keeping all other parameters largely constant. This was achieved by adjusting peak flows Qp and hydrograph durations T between runs to vary Wk and HG (Groups V1-V3 and U1-U3, respectively, Table S1 ), and the duration of rising TR and receding TF limbs to vary  for fixed Qp and T values (Group S1, Table S1 ). The majority of hydrographs were symmetrical (i.e.  = 1). This was deemed the most appropriate shape to determine systematically the effects of Wk and HG on sediment transport rates, hysteresis patterns and bed load yields, as the flow rate of change dQ/dt was, by definition, symmetrical during the rising and receding limbs.
Results
Sediment transport properties
Bed load sediment transport properties including peak transport rates qb,max, dimensional Wt and non-dimensional Wt * sediment yields [Eq. (5)], sediment yield ratios  [Eq.
(6)] and transport hysteresis patterns are summarised in Table 1 for all hydrograph flow conditions tested.
Bed load transport rates
Example plots of bed load transport rates qb generated over different hydrographs are presented in Fig. 2 . All plots from groups S1, U1 and V1 (Table 1) showing the individual effects of , HG and Wk, respectively, are provided in supplementary information (Fig. S2,§S3 ). As expected, bed load transport rates qb generally increase and decrease during the rising and falling hydrograph limbs, respectively, with peak transport rates qb,max occurring close to the peak flow Qp. The specific influence of hydrograph asymmetry  indicates that the largest peak transport rate (qb,max = 114.3 g m -1 s -1 ; run S1b, shows that although Wk reduces between these hydrographs, the corresponding increase in HG 300 results in higher qb,max values (i.e. qb,max = 88.8  94.9  107.6 g m -1 s -1 , Table 1 ). This again 301 indicates that larger dQ/dt values during the rising limb, associated with higher HG values, 302 increases peak transport rates and is thus consistent with the -varying hydrograph with the 303 shortest rising limb duration [ Fig. 2(b) ]. 304 It is also apparent that measured qb values often indicate a degree of plateauing (i.e. 305 dqb/dt  0) in the hydrograph region prior to and after the peak flow Qp. This is particularly 306 evident in hydrographs with higher Qp values, under which more intensive bed load transport 307 typically occurs (see Fig. 2 ). A consequence of this plateauing effect, as well as the discrete 308 time intervals over which individual qb measurements were obtained, is that no consistent 309 temporal lag is observed between peak flow Qp and peak transport qb,max, unlike in a number of Direct phase plots of qb versus Q are used to classify the bed load transport hysteresis 313 for the range of hydrographs tested. Example phase plots are presented in Fig. 3 for the same 314 runs as shown in Fig. 2 [note: all phase plots for groups S1, U1 and V1 are provided in 315 supplementary information ( Fig. S3,  §S3 ), while hysteresis patterns for all runs are given in 316 Table 1 ]. Overall, the majority of runs exhibit clockwise (CW) or mixed/no (M/N) bed load 317 hysteresis, with only three runs displaying counter-clockwise (CCW) hysteresis. For the 318 -varying hydrographs (group S1, Table 1) Table S1 ). For groups U2 and U3, the 328 corresponding hysteresis patterns are consistently M/N ( Table 1) Table 1 ). Table 1 for all   338 hydrographs tested in the seven experimental groups. Firstly, the influence of hydrograph t t t Confidential manuscript submitted to Water Resources Research of AGU journal 339 asymmetry (group S1, Table 1) on Wt * appears to be minimal, with values remaining largely 340 constant at the three  values tested. It is also acknowledged that while this finding is based on 341 a very limited number of runs, it is consistent with previous results presented in Wang et al. 342 [2015] and Phillips et al. [2018] . It is also an interesting result given that qb,max values vary 343 with  [see Fig. 2 (a,b) and Table 1 ], but indicates clearly that Wk and HG are expected to 344 have a greater influence on the overall sediment yields generated. Intuitively, larger sediment 345 yields are expected during higher magnitude hydrograph events, and a strong correlation is 346 demonstrated between Wk and Wt * for all runs in the current study [ Fig. 4 shorter, steeper hydrographs transport more sediment over their duration than longer, flatter events with equivalent Wk values. This finding is also in accord with the reduction in qb,max values observed for hydrographs with decreasing HG values [ Fig. 2 (a,c) and Table 1 ].
Further regression analysis on our data is used to develop a combined hydrograph parameter  that accounts for the relative influence of Wk and HG on measured sediment yields, similar to Waters and Curran Table 1 and is expected to be closely related to bed load hysteresis patterns discussed 377 previously ( §4.1.2). For the -varying hydrographs (group S1, In the absence of an upstream sediment supply, it is apparent that the bed load yields generated by individual flow hydrograph events must arise exclusively from the net-erosion and degradation of in-channel stored sediments within the test bed section (Fig. 1 ). Direct comparison of initial and final width-averaged, longitudinal bed elevation profiles obtained from the measured bed surface maps can therefore determine the magnitude and nature of channel bed incision observed over the range of hydrographs tested. Example plots of these width-averaged bed elevation profiles are shown in Fig. 6 (a-c) for specific hydrograph events tested in groups S1, U1 and V1 (see Table 1 ). In the majority of runs, net bed degradation is observed along the full length of the test section, with the largest incision depths z0 typically occurring at the upstream end of the test section (i.e. x = 0), reducing progressively along the channel. The slope of the final degraded bed surface also adjusts asymptotically to the initial bed slope with increasing downstream distance, with localised fluctuations in these profiles
6(a)], the longitudinal profiles reveal slightly lower incision depths for asymmetrical hydrographs ( = 0.4 and 2.5; runs S1b and S1c), commensurate with the marginally lower bed load yields Wt * attained in these runs (Table 1) Confidential manuscript submitted to Water Resources Research of AGU journal 471 bed elevation surface maps for a range of hydrographs (i.e. runs U1a, U1c, U1e, V1d; Table 1 ) 472 are plotted in Fig. 7 . These plots consider only the bed section downstream of the initial, deeper 473 channel incision region (i.e. x  3 m) and, thus, highlight distinctive spatial variations in z 474 revealing the nature and geometry of different bed forms developing under the different flow 475 hydrographs (detailed for all runs in Table 2 ). Fig. 7(a) Table 2 ). Finally, test runs in which more 482 regular dunes form [e.g. Fig. 7(d Table 2 ). Table S1 ), indicate similarly that qb,max values occur during the receding limb, although the relative bed load sampling frequency may also influence this finding. Finally, it is acknowledged that it would be desirable to test more hydrographs with low  values, as well as performing repeat runs, to determine both the range and consistency of unsteady flow conditions under which CCW hysteresis is observed.
Variability in bed load yields and effect of sediment grading
In river engineering, knowledge of the overall bed load sediment transport yield during a flood hydrograph event is particularly important in managed fluvial systems (e.g. downstream of a dam) [Kondolf, 1997; Humphries et al., 2012] , where deficient upstream sediment supply can deplete in-channel stored sediments, leading to bed degradation, channel incision and widening processes. Within the current study, the influence of key hydrograph parameters (, HG and Wk) on bed load transport yields has, for the first time, been studied systematically for net-degrading beds under zero sediment feed. For the range of hydrographs tested, it is apparent that total water work Wk [Eq.
(2)] has the primary influence on bed load yields [i.e. Fig. 4(a) ] generated entirely through the depletion of in-channel stored sediments. 
where  = Wk HG (Hp /d50) combines the influence of hydrograph unsteadiness and total water work, but also includes a length scale ratio (Hp /d50) to account for different sediment grading. This  parameter suggests implicitly that Wk and HG have equal influence on the sediment yields generated, whereas results from the current study indicate otherwise. This anomaly is highlighted by comparing the W * values for benchmark hydrographs (i.e.
U1a  U2a  U3a, Fig. 9(a) ]. Indeed, the best-fit regression relationship W * = 8157 1.202 to this expanded dataset also demonstrates relatively poor correlation (R 2 = 0.37), again due largely to the equal weighting of Wk and HG in Eq. (12). It is therefore hypothesised that combining  with Hp /d50 may provide an improved bed load yield model for a wider range of sediments and hydrograph flow conditions, based on a similar power-law form: (14) 607 Here, n = 2.5 is an empirical coefficient determined by best-fit regression to relevant 608 sediment yield data generated under different hydrographs. Fig. 9(b) conditions. Jain and Park [1989] derived a simplified functional relationship to predict 656 spatial variability in river bed degradation downstream of a dam through combined numerical 657 modelling and multiple regression analysis. This type of bed degradation under zero sediment 658 feed conditions is also reported at several dam sites in Williams and Wolman [1984] , with 659 channel bed profiles typically remaining approximately parallel to the initial bed slope. 660 In the current study, the combined influence of zero sediment feed and the variable 661 transporting capacity of individual flow hydrographs is shown to cause general bed 662 degradation, with bed load transport yields Wt * generated solely from depletion of in-channel 663 stored bed sediments. Consequently, the initial channel incision depths z * are found to 664 correlate closely with W * and the combined hydrograph parameter  through Eq. (8) and (10) 665 [see Fig. 6(d) ]. In addition, the asymptotic adjustment of final degraded bed elevations and 666 bed slopes with downstream distance [Fig. 6(a-c) ] is found to be well-represented by an equilibrium alternate bars, and below which (i.e.  < c) bar formation was suppressed. In the current unsteady flow study, increasing discharges during the hydrograph rising limbs will increase c through an increase in b * and reduction in [see Fig. S5 (a); §S5 in supplementary information], while the actual width-to-depth ratio  in the channel will reduce due to increasing flow depth. As such, the potential for  < c can be demonstrated for run U1a, 700 within which well-defined alternate bars are shown to form [ Fig. 7(a) , Table 2 ]. At base flow 701 conditions, the  = B/2Hb = 6.47 is significantly higher than c  2.3 [estimated from Fig.  702 S5(a) ], whereas at the peak flow conditions,  = B/2Hp = 3.13 is considerably lower than c  703 8.0. This suggests that bar development should be suppressed during high flow periods ( < c) 704 in the hydrographs, based on the steady flow, "equilibrium amplitude" bar analysis by 705 Colombini et al. [1987] . It is clear, however, that well-defined alternate bars and more 706 transitional bar/dune arrangements [ Fig. 7(c) ] generated in the current study are not in 707 equilibrium at any point due to unsteady hydrograph flow and zero sediment supply boundary 708 conditions. The implications of the latter boundary condition in particular, which can result in 709 significant depletion of in-channel stored bed sediments, clearly adds significant complexity to 710 any discharge-dependence within bed forms generated under time-varying  and c values. 711 This complexity may also be reflected in the observed variability in measured bed form 712 geometry (i.e. wavelengths bf and heights hbf) generated in the deformed beds, as well as the 713 significant irregularities in bf and hbf values between different hydrographs (see Table 2 ). (Table 2) ; û = O(1) and û >> 1, respectively]. It is worth noting that the 734 regular dunes reported in Lee et al. [2004] were also generated for predicted û >> 1 (i.e. û = 735 95.8 -364.8, Table 2 ). 736 A regime plot of the different bed form types is plotted in Fig. 10 in û: space. This 737 indicates that Tubino's [1991] model (i.e. through û) predicts reasonably well the formative 738 conditions for alternate bars, mixed dunes/bars and regular dunes over the range of 739 hydrographs tested under zero sediment feed. The plot also demonstrates that the combined 740 hydrograph parameter  has a strong influence on the bed forms generated. This essentially 741 confirms the intrinsic links between unsteady flow characteristics (i.e. through ), sediment 742 yields [Eq. (8)] and in-channel bed degradation [Eq. (10)] as having a primary role in 743 determining the overall bed form geometry that develops along the affected reach under zero 744 feed conditions. Results from the current study also suggest that the time scales for bed 745 morphology instability are always greater than those associated with flow unsteadiness (i.e. û > 1, Fig. 10) , indicating that the non-equilibrium bed forms that develop are determined largely by the temporal lag in the morphological response to unsteady hydrograph flows.
Conclusions
A laboratory flume study is conducted to determine the influence of hydrograph flows on bed load sediment transport and associated changes to bed surface morphology under imposed zero sediment feed at the upstream boundary. The absence of sediment supply means that bed load transport rates and yields under different hydrographs are generated entirely from the degradation of in-channel stored bed sediments along the test section of the flume. These conditions are representative of flow-sediment-morphology scenarios typically encountered in regulated river reaches immediately downstream of a dam or reservoir impoundment.
Three hydrograph parameters describing quantitatively the shape or asymmetry , unsteadiness HG and total water work Wk are varied systematically to determine their individual and collective influence on bed load transport characteristics and the morphodynamic response of a uniform, coarse sand bed under zero feed conditions. Bed load transport rates measured over individual hydrographs demonstrate no consistent temporal lag between the peak sediment transport qb,max and peak flow rates Qp, with a degree of bed load plateauing observed around the peak flow region where the flow rate of change dQ/dt is reduced. The peak transport rates qb,max are also shown to increase systematically with increasing HG and Wk (and reducing ) values. Corresponding phase plots highlight different transport hysteresis patterns depending on these flow hydrograph properties (, HG and Wk). Clockwise (CW) or mixed/no (M/N) hysteresis are typically observed for hydrographs with higher Wk and lower HG values, while counter-clockwise (CCW) hysteresis is limited to a few hydrographs with the lowest Wk and highest HG values.
Variability in bed load hysteresis is also reflected by sediment yield ratios  during the rising and falling limbs, where CW and CCW hysteresis correspond universally to runs with  > 1 and  < 1, respectively, and M/N hysteresis is typically obtained for   1. The transition between  < 1 and  > 1 is shown to be relatively abrupt around a critical value of ratio Wk /HG, and is well-represented by a Boltzmann-type function.
A new hydrograph parameter  is defined to account for the combined influence of Wk and HG on bed load transport characteristics. In relation to bed load hysteresis, hydrographs with high, intermediate and low  values are generally associated with CW, M/N and CCW hysteresis patterns, respectively. Overall bed load yields Wt * also display strong correlation (R 2 > 0.99) with , providing a new empirical yield model for the hydrograph flows, zero sediment supply and uniform bed sediment conditions considered in the current study and comparable prior studies (e.g. Lee et al. [2004] ). The influence of sediment grading on bed load yields is also considered through a modified hydrograph-sediment descriptor m = .(Hp /d50) 2.5 , based on regression analysis to a wider range of data for both uniform and graded bed sediments. The resulting empirical power relationship between Wt * and m again provide good overall fit to these independent datasets (R 2 = 0.86).
The intrinsic link between hydrograph flows, sediment transport and bed surface morphology is demonstrated by the three-way interaction between the sediment yield Wt * , for runs (a) S1a (U1a, V1a), (b) S1b, (c) U1c and (d) V1c (see Table 1 ). 934 Figure 3 : Example plots of bed load hysteresis patterns for runs (a) S1a (U1a, V1a), (b) S1b, 935 (c) U1c and (d) V1c (see Table 1 ). 
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